Objective: Lutein (L) and zeaxanthin (Z) are phytonutrients that accumulate in human brain tissue and positively impact cognition. Given their antioxidant and anti-inflammatory properties and their role in stabilizing cell membranes, L&Z may relate to measures of white matter integrity (WMI).
Introduction
White matter structural integrity changes across the lifespan, increasing through young adulthood and then decreasing with advancing age. Diffusion tensor imaging (DTI) provides the ability to detect microstructural changes in white matter that are not immediately visible from conventional MRI inspection (Nusbaum, Tang, Buchsbaum, Wei, & Atlas, 2001) . Studies using DTI have found differences in diffusion parameters even in "normal-appearing" white matter and in the absence of gross volumetric declines or other white matter pathology (Abe et al., 2008; Bendlin et al., 2010; Chanraud, Zahr, Sullivan, & Pfefferbaum, 2010; O'Sullivan et al., 2001) .
Globally, white matter integrity declines during the aging process, as demonstrated by decreases in fractional anisotropy (FA) and increases in radial diffusivity (RD) (Bennett & Madden, 2014; Kohama, Rosene, & Sherman, 2012; Sexton et al., 2014; Yap et al., 2013) . Previous research has also supported more regionally specific patterns of diffusivity changes associated with aging. In older adult samples, age shows a negative relationship with FA and a positive relationship with RD in the genu of the corpus callosum, cingulum, internal and external capsules, uncinate fasciculus, fornix, and superior and inferior longitudinal fasciculi (Abe et al., 2008; Barrick, Charlton, Blark, & Markus, 2010; Brickman et al., 2012; Burzynska et al., 2010; Càmara, Bodammer, Rodriguez-Fornells, & Tempelmann, 2007; Inano, Takao, Hayashi, Abe, & Ohtomo, 2011; Ly et al., 2014; Mella, de Ribaupierre, Eagleson, & de Ribaupierre, 2013; Pfefferbaum & Sullivan, 2003; Voineskos et al., 2012; Wegrzyn et al., 2013; Yap et al., 2013) . Importantly, anisotropy is reduced in groups of older adults even after controlling for white matter volume differences (O 'Sullivan et al., 2001) .
While there is strong evidence validating FA as a measure of overall anisotropy (Chanraud et al., 2010; Pierpaoli & Basser, 1996) and RD as a measure of myelin integrity (Beaulieu, Does, Snyder, & Allen, 1996; Bennett, Madden, Vaidya, Howard, & Howard, 2010; Fjell et al., 2008; Song et al., 2002 Song et al., , 2005 Song et al., , 2003 , questions remain regarding the interpretation of axial diffusivity (AD). Higher AD values signify overall greater amounts of diffusion parallel to a tract (Bennett et al., 2010) , and there is some evidence from pathologic and animal studies to suggest that lower AD values represent axonal damage or shrinkage (Alexander, Lee, Lazar, & Field, 2007; Beaulieu et al., 1996 Beaulieu et al., , 2002 Song et al., 2003) . However, many previous findings in aging research are inconsistent with this interpretation, with some studies reporting that AD increases with advancing age in the genu and body of the corpus callosum, external capsule, fornix, and anterior cingulum (Bennett et al., 2010; Burzynska et al., 2010; Sullivan, Rohlfing, & Pfefferbaum, 2010; Zahr, Rohlfing, Pfefferbaum, & Sullivan, 2009) . Others report decreased AD in anterior pericallosal white matter, anterior and superior corona radiata, the internal capsule, and cerebellar peduncles (Bennett et al., 2010; Burzynska et al., 2010) . Thus, results of AD analyses appear to vary more by region and there is not yet a consensus in the field regarding the direction of age-related changes in AD.
White matter decline is seen both in cognitively healthy individuals and those with mild cognitive impairment and more severe dementias (Bartzokis, 2011; Bennett & Madden, 2014; Leow et al., 2009 ) and contributes to cortical disconnection, as white matter fibers connect networks of neural areas that work together to support normal brain functioning (Bartzokis, 2004) . Consequently, white matter deterioration may underlie many of the cognitive changes associated with both normal and pathological aging, including declines in processing speed, executive functioning, working memory, reasoning, and episodic memory (Bennett & Madden, 2014; Madden et al., 2012) . Given the significant, negative cognitive and functional impacts of age-related white matter degeneration, a growing body of literature has focused on identifying factors that may maintain white matter integrity in older adulthood. For example, nutrition has been proposed as a factor that can preserve brain structure in aging through reduction of mechanisms that lead to neuropathology, such as oxidative stress and inflammation (Abdollahi, Moridani, Aruoma, & Mostafalou, 2014; Heneka et al., 2015; Poulose Miller, & Shukitt-Hale, 2014) . Preserved brain structure in turn affects cognitive functioning and rates of cognitive decline (Reuter-Lorenz & Park, 2014) .
The current study investigated the relation of two carotenoids (i.e., phytonutrients), lutein (L) and zeaxanthin (Z), to white matter integrity in older adults. Of the many carotenoids present in human blood sera, L and Z are the most abundant in the central nervous system, accounting for 66-77% of total carotenoid concentration in human brain tissue (Johnson, 2012 (Johnson, , 2014 Johnson et al., 2013) . L and Z function as antioxidants and anti-inflammatory agents, and thus, they may prevent oxidative stress and inflammatory damage in aging (Johnson, 2012) . Additionally, given that L and Z are the primary carotenoids in brain tissue, they are likely related to neural structure and functioning. L and Z stabilize cell membranes by binding together lipid bilayers (Bernstein, Balashov, Tsong, & Rando, 1997; Renzi & Hammond, 2010) . Degradation of structural barriers such as cell membranes may lead to increased diffusivity and decreased white matter integrity (Gunning-Dixon, Brickman, Cheng, & Alexopoulos, 2009 ). Thus, if carotenoids such as L and Z contribute to the stability and integrity of cell membranes, perhaps they also act as buffers against white matter decline in aging.
L and Z accumulation is found diffusely throughout the entire brain. In infants, L and Z accumulation was seen in the hippocampus, and frontal, temporal, and occipital cortices (Johnson, 2014) . Post-mortem tissue samples from centenarians also showed L and Z accumulation across frontal, temporal, and occipital cortices and the cerebellum . While most studies of L and Z accumulation in brain tissue have focused on gray matter tissue samples, one study found that L and Z are also present in white matter (Craft, Haitema, Garnett, Fitch, & Dorey, 2004) . This study also found that the frontal lobe had greater concentrations of carotenoids than the occipital lobe, and that only the frontal lobes showed an agerelated decline in carotenoid concentrations (Craft et al., 2004) . In a study of non-human primates, L accumulated in the cerebellum, occipital cortex, and pons, while Z accumulated in these areas as well as the frontal cortex (Vishwanathan, Neuringer, Snodderly, Schalch, & Johnson, 2013) .
Traditionally, L and Z are measured by taking either retinal or blood serum concentrations. Retinal concentrations of L and Z can be measured in vivo by testing macular pigment optical density (MPOD) (Hammond, Wooten, & Smollon, 2005) . Previous research has demonstrated that retinal levels of L and Z are positively correlated with brain concentrations in both humans and non-human primates Vishwanathan et al., 2013) . Serum L and Z are strongly tied to recent dietary intake of foods rich in these nutrients (Beatty, Nolan, Kavanagh, & O'Donovan, 2004) . Both MPOD and serum L and Z show a positive relationship to various cognitive functions, including global cognition, verbal fluency, language, memory, visual-spatial/constructional abilities, executive functioning, processing speed, and reaction time (Akbaraly, Faure, Fourlet, Favier, & Berr, 2007; Feeney et al., 2013; Johnson, Chung, Caldarella, & Snodderly, 2008; Johnson, 2012; Johnson et al., 2013; Renzi, Dengler, Puente, Miller, & Hammond, 2014; Vishwanathan et al., 2014) .
To our knowledge, the association of L and Z and brain structure has not yet been investigated using in vivo methodology in humans. Previous studies have used primarily post-mortem tissue samples to test the accumulation of L and Z in brain tissue, and many studies have exclusively focused on gray matter (Johnson, 2014; Johnson et al., 2013; Vishwanathan, et al., 2013) . Thus, the primary aim of the current study was to expand the extant literature by examining the relationship between L and Z and age-related changes in white matter integrity using diffusion tensor imaging (DTI) in a sample of older adults. A sample of younger adults was collected and used as a control group to confirm age-related changes in white matter integrity. L and Z were measured using both blood serum and retinal (MPOD) concentrations. Diffusivity parameters included fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD). Analyses were conducted in four a priori regions of interest (ROIs): genu of the corpus callosum, cingulum, uncinate fasciculus, and fornix. These ROIs were chosen because they are among the first to decline during the normal aging process, and thus represent the regions where L and Z might have the strongest effect in terms of preventing age-related white matter decline. We hypothesized that L and Z (both MPOD and blood serum concentrations) would have a positive relationship with white matter integrity, such that individuals with higher concentrations of L and Z would show higher FA and lower RD. Given limited support for directional hypotheses regarding AD changes in aging, exploratory two-tailed analyses of AD were conducted for global white matter and the four ROIs.
Although previous literature has supported accumulation of L and Z in anterior brain regions most vulnerable to agerelated decline, L and Z has also been found to accumulate throughout the brain in other regions that support sensory processing, movement, and cognition (Craft et al., 2004; Johnson, 2014; Johnson et al., 2013) . Thus, a secondary aim of the current study was to explore the relation of L and Z concentrations to white matter integrity throughout the whole brain, including more posterior regions such as temporal, parietal, occipital, and cerebellar white matter tracts. Given the overall lack of literature on the association of L and Z with white matter in vivo, an exploratory whole-brain analysis was undertaken to identify regions where L and Z may relate to diffusivity that were not examined in the ROI analysis and might be areas of interest for future studies.
Materials and Methods

Participants
All data were collected as part of a larger, double-blind, randomized, placebo-controlled trial of L and Z supplementation. The current study was conducted using cross-sectional data from the larger RCT to establish baseline relations of L and Z to white matter integrity. Participants were recruited via newspaper advertisements, flyers, and a database of individuals who had previously consented to being contacted for research participation. Exclusion criteria included corrected visual acuity worse than 20:40 (Snellen notation), history of ocular disease, including age-related macular degeneration in either eye, gastric conditions with the potential to interfere with L and Z absorption (e.g., gastric ulcer, Crohn's disease, ulcerative colitis), left-handedness, traumatic brain injury, contraindications for safe participation in MRI data collection (e.g., aneurism clip, pacemaker, metallic stent), and evidence of dementia or other neurological disorder. Older adults were specifically assessed for dementia using the Clinical Dementia Rating scale (CDR; Morris, 1993) and excluded if they had global rating score of 1-3, indicating mild to severe dementia. Participants received a small monetary compensation for their time. The study protocol was approved by the Institutional Review Board and informed consent was obtained from all participants. All study personnel adhered to the tenants of the Declaration of Helsinki at all times.
The sample included 54 older adults (23 male and 31 female), aged 64-86 (M = 71.87 years, SD = 6.05 years). Older adults were all community-dwelling individuals, entirely (100%) Caucasian and primarily college-educated (level of education, M = 16.04 years, SD = 2.69 years). The control group included 38 younger adults (21 male and 17 female) aged 18-26 (M = 20.58 years, SD = 2.01 years) who were all undergraduate and graduate level university students and majority (81.6%) Caucasian. Chi-square tests indicated that older and younger samples differed significantly by race (χ 2 = 10.767, p = 0.001, Caucasian vs. non-Caucasian), and education level (χ 2 = 20.855, p < 0.001, high school degree vs. college degree), but not by sex. Thus, race and education were controlled in analyses including both younger and older adults. Independent samples t-tests confirmed that younger and older adults did not significantly differ in their MPOD and serum L & Z concentrations, although older adults had qualitatively higher levels of L and Z across both measures. Notably, serum L & Z data were not available for two younger adults and four older adults; thus, analyses using serum L & Z were conducted with a smaller subsample of individuals. This sub-sample did not differ significantly from the larger sample with regard to demographic variables, mean MPOD, or diffusivity parameters in the ROIs. Additional participant demographics and descriptive statistics can be found in Table 1 . A bivariate correlation matrix showing the association between demographic characteristics and ROI measures can be found in Table 2 .
Procedure
Exclusion criteria were assessed via a telephone screening prior to enrollment in the study. Upon initial enrollment, all older adults were asked to schedule a physical examination to confirm good health and eligibility for continued participation in the study. After the health visit, both older and younger participants completed three baseline visits. During visit 1, participants completed demographic information forms and other tasks as part of the larger study. Older adults and a collateral were also interviewed using the CDR to confirm continued eligibility. During visit 2, all participants completed vision testing in order to collect MPOD measurements. During visit 3, participants underwent MRI data collection. Serum data were collected during the health visit for the older adults. For the younger adults, serum data were collected during a time between visits 1 and 3 that was convenient for the participants.
Measures
Visual acuity. Self-report of visual acuity was confirmed via Snellen acuity testing as delineated in Levenson & Kozarsky (1990) .
Dementia severity. Dementia severity was assessed using the Clinical Dementia Rating scale (CDR; Morris, 1993) . The CDR is a semi-structured interview with both participant and collateral informant portions. It assesses individuals' cognitive status via reference to six cognitive and functional domains: memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care. Scores on each of these subareas combine to create a global rating of dementia severity ranging from 0 (no dementia) to 3 (severe dementia). A score of 0.5 is often used as a cut-off for mild cognitive impairment (MCI). Dementia severity was assessed in order to ensure that the gathered sample represented the range of normal, rather than pathological, aging. Only older adults who received a global rating of 0 or 0.5 were eligible for the study. Macular pigment optical density (MPOD). MPOD was assessed using customized heterochromatic flicker photometry (cHFP). This method of data acquisition has been well-validated as an in vivo measure of macular pigment density . Participants were asked to view a disc that is comprised of 460 nanometer (nm) shortwave "blue" light and 570 nanometer (nm) midwave "green" light. The two wavelengths of light were presented in square-wave, counter-phase orientation, which caused the disc to appear to "flicker." The task was customized to the individual participants based on each participant's previously measured critical flicker fusion frequency (CFF). Participants were asked to turn a knob to adjust the intensity of the 460 nm light until it appeared to match the luminance of the 570 nm light, causing the "flickering" to cease. This procedure was conducted in both the foveal and parafoveal regions of the retina. Since the 460 nm wavelength is strongly absorbed by macular pigment, individuals with a denser macular pigment layer (and thus a higher concentration of retinal L and Z) required more intense 460 nm light before it appeared to match the 570 nm light and ceased "flickering." MPOD was calculated as the log of the intensity of 460 nm light required to match the 570 nm light in the fovea (where macular pigment is the densest) compared to the log of the intensity needed in the parafovea (where macular pigment is absent).
Serum lutein and zeaxanthin (Serum L & Z). About 7 mL of blood was collected by a certified phlebotomist. For full description of serum analysis methods, see Lindbergh et al. (2016) . Briefly, after collection, samples were placed on ice and centrifuged for 15 minutes. Serum was collected and frozen in 1 mL cryotubes at −80°C until analysis. Before analysis, serum data were extracted using standard lipid extraction methods. Carotenoid concentrations, including L and Z concentrations, were analyzed using a Hewlett Packard/Agilent Technologies 1100 series high performance liquid chromatography (HPLC) system with a photodiode array detector (Agilent Technologies, Palo Alto, CA). A 5 um, 200 A°polymeric C 30 reverse-phase column (Pronto-SIL, MAC-MOD Analytical Inc., Chadds Ford, PA) was used to separate the analytes. Serum L and Z were analyzed separately. To obtain a combined serum L & Z value, serum L levels (umol/L) were added to serum Z levels (umol/L). The combined L & Z value was used in all subsequent analyses.
Imaging Acquisition
All images were acquired using a General Electric Signa HDx 3 T MRI scanner (GE; Waukesha, WI). Diffusion-weighted imaging (DWI) scans were acquired axially using a single-shot diffusion-weighted SE-EPI sequence. Slices covered from the Note: MPOD = macular pigment optical density; L = lutein and Z = zeaxanthin; FA = fractional anisotropy; RD = radial diffusivity; AD = axial diffusivity. *p < .05, **p < .01.
top of the head to the brainstem and were acquired aligned to the anterior commissure-posterior commissure line. Scan parameters included: TE = <5 ms, TR = 15,900 ms, 90°flip angle, 60 interleaved slices, slice gap = 0 mm, 2 mm isotropic voxels, acquisition matrix = 128 × 128, FOV = 256 × 256 mm, parallel acceleration factor = 2, b-value: 1,000, and 30 optimized gradient directions with three b0 images. Total scan time for the DWI acquisition was 9 min and 38 s. Additionally, a pair of magnitude and phase images were acquired for fieldmap-based unwarping of DWIs (TE1 = 5.0 ms and TE2 = 7.2 ms, TR = 700 ms, 60 slices, slice gap = 0 mm, 2 mm isotropic voxels, acquisition matrix = 128 × 128, and FOV = 256 × 256 mm). Acquisition for the pair of images took approximately 2 min 20 s.
Imaging Processing
DWIs were preprocessed using the Oxford Centre's Functional MRI of the Brain (FMRIB) Diffusion Toolbox (FDT; Behrens et al., 2003) . Preprocessing followed the standard FDT pipeline. Images were corrected for head motion and eddy current distortions using the eddy current and motion correction tool, using the first b0 image as a reference. Brain extraction was accomplished using the brain extraction tool (BET). Fieldmaps were calculated from the acquired magnitude and phase images and applied to the DWIs to correct for distortions. The DTIFit tool was used to estimate diffusion tensors for each voxel.
Tract-Based Spatial Statistics (TBSS; Smith et al., 2006) , a tool within the FMRIB Software Library (FSL; Smith et al. 2004 ) was used to optimize registration and create mean FA, RD, and AD images. First, TBSS identified the participant with the most representative or "typical" scan by registering data from every participant to every other participant and choosing the one with the minimum mean displacement relative to all other participants. This procedure has been shown to be effective even with groups of different aged individuals (Brickman et al., 2012) and groups that include both individuals with neurodegenerative diseases or psychiatric disorders and healthy controls (Smith et al., 2006) . After the most prototypical participant was identified, all other participants' images were transformed into standard space by aligning them with the target individual's image and affine transforming the entire group into MNI152 standard space using the nonlinear registration tool FNIRT (Andersson, Jenkinson, & Smith, 2007a , 2007b . Next, a mean FA white matter mask and image were created and thinned to make a mean FA skeleton, which represents the voxels of all white matter tracts that are common to all participants in the sample. Each participant's FA data were then projected onto the skeleton, resulting in individual, skeletonized FA images for each participant, which were then used in statistical analysis. A similar procedure was repeated with non-FA images (i.e., RD and AD) to align participants' data, transform to standard space, and find common voxels to create skeletonized images for RD and AD data.
Statistical Analyses
The Johns Hopkins University (JHU) ICBM-DTI-81 White Matter Atlas (Hua et al., 2008; Mori et al., 2008) was used to label sections of the FA, RD, and AD images corresponding to the major white matter tracts in both hemispheres. A binary mask for each ROI (i.e., genu of the corpus callosum, cingulum, uncinate fasciculus, and fornix) was created and applied to the images to extract the average FA, RD, and AD values within each ROI. Right and left hemisphere values were averaged to create a single mean value for each ROI. Additionally, a binary mask was created for all white matter tracts and used to extract average global FA, RD, and AD values. These values were used in a preliminary analysis to confirm age-related changes in white matter in the older adult sample compared to the younger adult sample, controlling for the statistically significant demographic differences between the groups.
To address the primary aim, FA, RD, and AD skeletonized images for the older adult participants were run through FSL's Randomise software, which conducted nonparametric, permutation-based analysis (Winkler, Ridgway, Webster, Smith & Nichols, 2014) . For each analysis in Randomise, 5,000 null permutations were generated to test the data. Data were analyzed under a threshold-free cluster-enhancement (TFCE) framework, which enhances the ability to detect diffusivity differences by using sample information to determine the size of cluster that can be considered statistically significant (Winkler et al., 2014) . TFCE avoids issues with setting an arbitrary cluster threshold that could lead to Type II error, particularly in smaller samples. The FA, RD, and AD skeletonized images were masked with the previously created binary ROI masks and correlated with MPOD and serum L & Z values. The threshold for statistical significance was set at p < .05, family-wise error (FWE) corrected.
To address the secondary aim, FA, RD, and AD skeletonized images were again run through 5,000 null permutations in Randomise, but under unmasked conditions. These images were again correlated with MPOD and serum L & Z values.
Results
Preliminary Analyses
Age group significantly predicted global diffusivity such that younger adults had higher FA (ΔR 2 = .343, F = 54.7, p < .001), lower RD (ΔR 2 = .330, F = 51.4, p < .001), and lower AD (ΔR 2 = .234, F = 30.4, p < .001) than older adults. Similar patterns were found in the genu of the corpus callosum (FA: ΔR 2 = .485, F = 112.7, p < .001; RD: ΔR 2 = .442, F = 83.7, p < .001; and AD: ΔR 2 = .264, F = 37.4, p < .001) and fornix (FA: ΔR 2 = .399, F = 69.2, p < .001; RD: ΔR 2 = .388, F = 69.0, p < .001; and AD: ΔR 2 = .387, F = 72.3, p < .001). In the cingulum, significant age group differences were found such that younger adults had greater FA (ΔR 2 = .233, F = 29.6, p < .001) and lower RD (ΔR 2 = .172, F = 19.3, p < .001) than older adults. There were no age-related differences in diffusivity parameters in the uncinate fasciculus. All analyses were conducted with race and education level as covariates.
Region of Interest Analyses
Results of the ROI analyses are reported in Table 3 and visualized in Fig. 1 . Results showed that MPOD negatively correlated with AD in the uncinate fasciculus for the older adult sample (Pearson's r = .439, p < .05, FWE-corrected). No significant correlations between MPOD and other diffusivity parameters (i.e., FA and RD) were found for the genu, fornix, Note: MPOD = macular pigment optical density. L = lutein and Z = zeaxanthin. FA = factional anisotropy. RD = radial diffusivity. AD = axial diffusivity. L/R = left or right. x, y, and z coordinates are in MNI space (mm). Statistical threshold was p < .05, FWE-corrected. Significant clusters were labeled using the Johns Hopkins University (JHU) ICBM-DTI-81 White Matter label and tractography atlases. 
Exploratory Whole-brain Analyses
When analyzing the correlation of MPOD and serum L & Z to white matter integrity under exploratory, unmasked conditions, no voxels survived FWE correction. However, due to the novelty of the methodology and research question, results were explored under a more lenient statistical threshold, p < .01, uncorrected (see Table 4 and Fig. 2 ). Under this threshold, results of the whole-brain analysis suggested that MPOD was positively correlated with FA in the genu, fornix, and posterior corona radiata, negatively correlated with RD in the genu, cingulum, superior and posterior corona radiata, and negatively correlated with AD in the uncinate fasciculus (p < .01). Effect sizes for the MPOD correlations ranged from r = .261 (AD uncinate) to r = .442 (FA posterior corona radiata). Serum L & Z was positively correlated with FA in the superior and posterior corona radiata, negatively correlated with RD in the posterior thalamic radiation and superior corona radiata, and negatively correlated with AD in the cingulum, uncinate fasciculus, and corticospinal tract (p < .01). Effect sizes for the serum L & Z correlations ranged from r = .280 (AD corticospinal tract) to r = .485 (FA superior corona radiata).
Discussion
The current study expanded previous literature by examining the relation of two phytonutrients, lutein (L) and zeaxanthin (Z), to white matter structure in vivo using DTI in a sample of older adults. L and Z were measured via retinal (MPOD) and blood serum concentrations. Younger adults were used as a control group to test age-related changes in diffusivity. Preliminary analyses confirmed that the older adult sample showed declines in white matter integrity compared to younger adults, as evidence by lower FA and higher RD globally, in the genu of the corpus callosum, cingulum, and fornix. Older Note: MPOD = macular pigment optical density. L = lutein and Z = zeaxanthin. FA = factional anisotropy. RD = radial diffusivity. AD = axial diffusivity. L/R = left or right. x, y, and z coordinates are in MNI space (mm). Statistical threshold was p < .01. Significant clusters were labeled using the Johns Hopkins University (JHU) ICBM-DTI-81 White Matter label and tractography atlases.
adults also showed higher AD globally, in the genu, and fornix. We failed to find a significant relation of age group (young vs. old) to diffusivity in the uncinate fasciculus. Our primary analyses focused on the relation of L and Z to global white matter integrity and diffusivity in four a priori ROIs (i.e., genu, cingulum, uncinate fasciculus, and fornix). These regions were of particular interest because they are among the first to decline both in normal and pathological aging (Abe et al., 2008; Brickman et al., 2012; Burzynska et al., 2010; Voineskos et al., 2012) . Results showed that MPOD predicted diffusivity in the uncinate fasciculus such that older adults with higher retinal levels of L & Z had lower AD in the uncinate fasciculus. Additionally, serum L & Z concentrations predicted diffusivity in the cingulum, such that older adults with higher concentrations of serum L & Z showed higher FA and lower RD. These results support our hypothesis that higher L and Z concentrations would predict better white matter integrity (i.e., higher FA and lower RD) in older adults.
Given the lack of existing literature on the relation of L and Z to white matter integrity, exploratory whole-brain analyses were conducted in the older adult sample to identify additional brain regions where L and Z might predict diffusivity. Previous research has demonstrated accumulation of L and Z in diffuse brain regions; thus, it was expected that L and Z might show a significant relationship to integrity of white matter tracts not just in the original regions of interest, which represented more anterior tracts, but also across the whole brain. When using a stringent statistical threshold (p < .05, FWE-corrected), no significant relations between MPOD or serum L & Z and white matter integrity were detected. However, due to the novelty of the research question and methodology, it was deemed important to also examine results using a more lenient statistical threshold, p < .01, uncorrected. Under these conditions, MPOD showed a positive relationship with white matter integrity (i.e. higher FA, lower RD, and lower AD) in the genu, fornix, cingulum, uncinate fasciculus, and superior and posterior corona radiata. Similarly, serum L & Z was associated with higher FA in the superior and posterior corona radiata, lower RD in the superior corona radiata and posterior thalamic radiation, and lower AD in the cingulum, uncinate fasciculus, and corticospinal tract.
Some axial diffusivity (AD) findings were surprising and warrant further discussion. Pathologic and animal studies have shown that acute axonal injury and Wallerian degeneration is accompanied by a decrease in AD (Song et al., 2003; Sun et al., 2006a Sun et al., , 2006b Thomalla et al., 2004) . Thus, higher AD values have typically been associated with greater anisotropy or better white Fig. 2 . Relation of L and Z to whole-brain diffusivity. The figure depicts the correlation (p < .01, uncorrected) between retinal (MPOD) and serum lutein and zeaxanthin to diffusivity in the genu of the corpus callosum, fornix, cingulum, uncinate fasciculus (top), posterior thalamic radiation, posterior and superior corona radiata, and corticospinal tract (bottom). Associations are superimposed on a single-subject diffusion-weighted template in MNI space provided by Johns Hopkins University (JHU) in FMRIB's Software Library (FSL). The mean skeleton for the sample is overlaid on the single-subject diffusion-weighed template image. mater integrity, and lower AD values with greater isotropy or worse integrity. However, others have noted that the changes associated with acute injury are not comparable to the processes of normal aging Zahr et al., 2009 ). Rather, normal aging is marked by loss of myelin and decrease in the number and density of white matter fibers (Marner, Nyengaard, Tang, & Pakkenberg, 2003; Meier-Ruge, Ulrich, Bruhlamann, & Meier, 1992; Pakkenberg et al., 2003; Sullivan, Adalsteinsson & Pfefferbaum, 2006; Stadlbauer, Salomonowitz, Strunk, Hammen, & Ganslandt, 2008; Tang, Nyengaard, Pakkenberg, & Gundersen, 1997) . Subsequent to fiber loss, there are disruptions in overall fiber coherence and increases in extra-axonal space and fluid, which manifest in increased diffusivity in all orientations and could account for the observations of increased AD in normal aging (Nusbaum et al., 2001; Sullivan et al., 2010; Zahr et al., 2009) . Consistent with this hypothesis and findings from previous aging studies, our results showed that older adults had greater AD than younger adults in the genu and fornix (Bennett et al., 2010; Burzynska et al., 2010) . Furthermore, results from the MPOD and serum L & Z analyses suggest that higher concentrations of these phytonutrients are associated with lower AD in uncinate fasciculus, cingulum, and corticospinal tract. Previous nutritional research has also shown lower AD in the cingulum, uncinate fasciculus, fornix, corpus callosum related to better nutrition (Gu et al., 2016; Pelletier et al., 2015; Witte et al., 2014) . Thus, results from both our age group and L and Z analyses are consistent with the possibility that lower AD may be a sign of better white matter integrity and nutritional health in the context of normal aging. However, this hypothesis should be further tested in future aging and nutrition studies.
The strength of the current study is the novelty of the methodology and research question. To our knowledge, this is the first study that highlights the relation of L and Z to white matter using in vivo methodology in humans, and one of the few to use neuroimaging to study the neural impacts of nutrition. Our results are encouraging and provide some evidence that DTI can be a useful tool to measure brain health in the context of nutrition research. However, as with any study, it is not without limitations. Due to the cross-sectional design of this study, the directionality of the relationship between L and Z and white matter integrity cannot be determined. Additionally, our older adult sample was ethnically homogenous (100% Caucasian), affluent, and highly educated. Research has shown that education attenuates the relation between diet and cognitive outcomes, perhaps because educated people tend to also be more affluent and well-fed (Akbaraly, Singh-Manouz, Marmot, & Brunner, 2009) . Our data support this supposition, considering that the baseline mean concentrations of MPOD and serum L & Z for the older adult sample were not only higher than the younger adult sample but also higher than other published data for older individuals (Renzi et al., 2014; Renzi, Hammond, Dengler, & Roberts, 2012) . Thus, the homogeneity and overall excellent health of our older adult sample may explain the lack of some expected findings and may be masking relationships between L and Z and white matter integrity that could be found in a more diverse, less educated, and less healthy sample.
Whereas the cluster sizes were small and effect sizes for both the primary ROI and exploratory whole-brain analyses were, on the whole, small to medium, they are consistent with what has been found in the broader literature examining dietary influences on neural structure (Gu et al., 2015 (Gu et al., , 2016 Titova et al., 2013) . Although many of the results from the exploratory whole-brain analysis did not pass a stringent statistical threshold for correction of multiple comparisons, they were consistent with our hypotheses that L and Z concentrations could be related to white matter integrity in anterior regions of the brain that are vulnerable to age-related decline (i.e., genu, cingulum, fornix, and uncinate fasciculus). Thus, these regions may be of continued interest in future prospective studies. Given the reported effect sizes but lack of statistical significance, it may be the case that our study was under powered to detect small effects, possibly explaining our modest results from ROI analysis and lack of exploratory findings under FWE correction. Thus, our results are in need replication and findings from the uncorrected, whole-brain analyses should be interpreted with particular caution.
Conclusions
White matter declines in aging are seen first in anterior regions of the brain, such as the genu of the corpus callosum, anterior cingulum, fornix, and uncincate fasciculus (Brickman et al., 2012; Kochunov et al., 2012) . The results of the current study suggest that L and Z are related to white matter integrity in regions of primary age-related decline (i.e. cingulum and uncinate fasciculus). Additionally, L and Z may be related to white matter integrity in other regions of the brain that support sensory and motor processes and cognition (i.e., genu, fornix, corona radiata, posterior thalamic radiation, and corticospinal tract), but these findings are exploratory and in need of replication. Although these results are modest, they suggest that L and Z may be important for white matter health and brain aging, broadly defined. These results expand previous research demonstrating L and Z accumulation in both gray and white matter tissue (Craft et al., 2004; Johnson, 2014; Johnson et al., 2013; Vishwanathan et al., 2013) and the importance of L and Z for efficient neural functioning (Lindbergh et al., 2017a (Lindbergh et al., , 2017b .
Replication of these results using a randomized-controlled design will be important to address issues of causality. Future studies can also extend the current work by testing the relation of L and Z to other metrics of brain structural integrity, including white matter hyperintensity volume and total white matter volume. Additionally, future studies can specifically test white matter integrity as a possible mediator of the relationship between L and Z and cognitive functioning. Despite the study limitations, this work represents a first step in elucidating the link between L and Z and neural structure in humans. These results provide further evidence of a meaningful relationship between diet and neural integrity by identifying white matter tracts that may be associated with modifiable dietary factors in older adults. 
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